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ABSTRACT OF THE DISSERTATION

Phosphorylation Regulation of T Lymphocyte Migration
by
Xiaolu Xu
Doctor of Philosophy in Biology and Biomedical Sciences
Immunology
Washington University in St. Louis, 2014.
Professor Yina H. Huang, Chair

Immune surveillance requires efficient trafficking of leukocytes throughout
the body. To achieve this, leukocytes have evolved to be highly migratory and
responsive to environmental cues, which provide guidance for proper tissue
distribution. The translation of external environmental cues to intracellular
physical changes in leukocytes requires a cascade of receptors, signal transducers, and mechanical effectors. My doctoral research focused on using T-cells
as a model to study the unique cellular process of how signal transducers interact with and regulate mechanical effectors in fast migrating immune cells.
Specifically, it is known that the signal transducer Mst1 kinase is required for
T-cell polarization, adhesion, and active migration, but the underlying mechanisms remain poorly understood. I have demonstrated that Mst1 regulates

vii

two mechanical effectors, the molecular motor Myosin-IIA and the cytoskeleton
regulatory protein L-plastin, through the process of phosphorylation. The regulation of Myosin-IIA enables it to generate contractile force inside a migrating
T-cell, maintaining the shape and proper adhesion of the cell to extracellular
matrix, both being requirements for successful migration. The regulation of
L-plastin enables it to activate integrin adhesion molecules as well as to properly organize lamellipodial actin. In addition, I have identified novel adhesion
structures in T-cells called microadhesions, which potentially provide traction
force to migrating T-cells. Overall, my research has identified a novel pathway acting between a signal transducer and two mechanical effectors in T-cell
migration.

viii

1. INTRODUCTION
Mammalian immune systems are characterized by an abundance of various
types of cells that carry out a wide variety of effector functions. In order to
distribute the proper cell types to locations, the immune system has evolved a
full spectrum of mechanisms to guide them. These mechanisms include specific
chemokines which direct migration direction [1–4], adhesion molecules which
control tssue retention [1, 5–8]. Their respective signaling pathways translate
extracellular cues to intracellular changes [9–14] that control cell morphology
and molecular machinery for motility [15–19].
My doctoral dissertation attempts to answer a very fundamental question:
how are these different mechanisms interconnected and functioning as an integrated unit so that thymus-dependent lymphocytes (T-lymphocyte or T-cell)
can properly home to their proper locations.

1.1

Cellular Adhesion and Motility

Cellular adhesion and motility are most well studied in slow moving mesenchymal cells such as fibroblasts [20]. The cytoskeleton of these cells exhibit
multiple features, including ventral stress fibers, focal adhesions, dorsal fibers,
actin arcs [13, 21–25]. Focal adhesion is the main adhesive structure for slow1

migrating cells [25,26]. They are protein complexes varying in size and protein
content. But in general, they all share some of the same core proteins, such as
F-actin, integrin, vinculin, α-actinin, talin, and paxillin. Focal adhesions are
highly organized structures [27–29]. Kanchanawong and colleagues used double tagged quantitative super-resolution fluorescent microscopy to determine
the layer of proteins in the structure [30] (Figure 1.1). The first layer, most
distal to plasma membrane, is actin stress fiber layer, consisting of F-actin
filaments bundled by α-actinin into thick fibers. The second layer is actin regulatory layer, consisting of F-actin bundles, VASP and zyxin. The third layer
is the force transduction layer, consisting of talin and vinculin. The fourth
layer is the integrin signaling layer, consisting of cytoplasmic tails of integrin
α and β chains as well as focal adhesion kinase (FAK). Between fourth and
fifth layer is plasma membrane. The fifth layer is the ectodomain of integrin
α and β chains and the extracellular matrix bound to integrin.
Focal adhesion formation is a multiple step process. It starts with rapidly
turning-over nascent adhesions. Nascent adhesions form behind the edge of
spreading lamellipodia. They turn over rapidly, usually lasting for only 10
minutes before disassembly. However, a small fraction of nascent adhesions
do not disassemble, but instead extend centripetally and mature into mature
focal adhesions. Even though nascent adhesion formation does not depend on
myosin activity, maturation of it does. Interestingly, it is not the contractility but actin-bundling activity of myosin that is required for maturation of
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nascent adhesions, which can be substituted by α-actinin [22]. Substratum
density and tension also seem to affect the size and number of focal adhesions [22]. The presence of mature and stable stress fiber, focal adhesion, and
their associated adpator, and mechanical and signaling transducers, may be
what governs the behavior of slow migrating cells, and distinguishes them from
rapidly-migrating immune cells.
From a mechanical point of view, cell motility is dependent on both adhesive and traction forces and the arrangement of them. In a model of migration, a migrating cell needs to distribute high adhesion to the front end
and low adhesion to the back end, while exerting contraction in between such
that the front end is fixated on the substratum while the back end can be
pulled forward. At the same time, polymerization of G-actin at the front end
drives the plasma membrane forward and establishes adhesion at the front.
Myosin-dependent contraction detaches adhesions at the back. This constitutes a cyclical process of attachment, detachment, contraction and advancement [20, 31]. In rapid moving T-cells, this model has received support from
the evidence that low-affinity integrin is predominantly localized and clustered
at the trailing edge [32], whereas extended form of intermediate-affinity integrin is localized to the leading edge of the cell [33]. What is interesting is that
a large proportion of T-cell mid-body is enriched with high-affinity integrin,
regardless of ligand density [33, 34]. This suggest that instead of requiring a
high affinity adhesion at the lamellipodial leading edge. The major site of ad-
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hesion is at the center of the cell. This notion is supported by the ruffling that
occurs at the lamelipodia, a direct result of lower or less productive adhesion
at lamellipodia compared to the mid-body [35], and a less than 1:1 ratio of
migration distance to actin-polymerization [25].
The cyclical migration model also stipulates that cell polarity needs to be
established before a cell can migrate. Polarity is established by the redistribution of uniformly distributed proteins to locally concentrated sites. For
example, regulators of F-actin polymerization and bundling, adhesion such
as Arp2/3, α-actinin, high-affinity integrin are concentrated at the front end
(hereafter referred to as leading edge) of a cell, while regulators of contraction and low affinity integrin need to concentrate at the back end (hereafter
referred to as trailing edge) [32]. Receptors and regulators are actively redistributed and the local clustering of proteins leads to a sufficient concentration
to promote downstream functions, such as nucleation of actin by mDia for
rapid polymerization, clustering of intermediate- and high-affinity integrin for
firm adhesion, concentration of myosin motor protein for effective contraction.
Whether the initiation of polarization is a random process is debatable, but
this process turns a random system into an organized one [12, 16, 36–39].
Once molecular polarity has been established, the next step in polarization
and cell spreading requires mechanical work to contort the spherical cell body
into an elongated shape as well as push the cell body so that it can spread
out on substratum. This process requires both F-actin polymerization and
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myosin contractility. F-actin arcs are centripetally distributed between the
lamellipodia and cell body [21]. These arcs are constricted by myosin to form
rings around the spherical cell body and exert a force to reshape the cell body
into a spread shape. Without F-actin, as in cells treated with cytochalasin, or
without myosin-exerted contractility, as in cells lacking myosin II or treated
with blebbistatin (myosin ATPase inhibitor) [16, 40], cells instantly re-assume
a spherical shape, where the force is evenly distributed throughout the entire
cell body resulting in the lowest entropy [23]. This indicates that both F-actin
and myosin are required for cell polarity and spreading.

1.2

Integrin Activation, Clustering and Signaling

There are two modes of integrin signaling: inside-out and outside-in. Despite its name, inside-out signaling actually starts from outside of the cell,
such as chemokine-chemokine receptor interaction. The chemokine receptor
transduces signals through a cascade of molecules, including PLCγ, CalDAGGEFI, Rap1 GTPase, RAPL, Mst1, RIAM, ADAP, Skap-55, kindlin among
others, resulting in the talin-dependent spatial separation of integrin αL and
β2. This change translates into unfolding of the integrin ectodomains to allow for high-affinity integrin-ligand binding. In addition to biochemical cues,
physical tensioncan also induces activation of integrin affinity maturation and
resultant firm adhesion. Rearward flow of actin induced by myosin contraction at lamellipodium associates with recruitment of structural proteins such
5

as VASP to newly established nascent adhesions [18,26,32]. Shear flow in blood
vessels has also been shown to induce conformational activation of leukocyte
integrin LFA-1 because it is thermodynamically most stable [8, 41, 42].
One of the most well studied signaling cascade that leads to integrin activation is Rap1-RAPL axis (Figure 1.2). Rap1 is a small GTPase that is downstream of various signals, including T-cell receptor engagement [43], CD31
stimulation [44], CD98 ligation [45], and chemokine receptor engagement [46].
It is activated by various guanine exchange factors, including C3G, PDZ-GEF,
CD-GEFI, CD-GEFIII, Repac, and, most importantly, Epac, that is directly
activated by cAMP [47]. Rap1 is stored in small intracellular vesicles during
resting state, but quickly localize to plasma membrane via a membrane anchor
in a Skap-55 dependent manner [48]. Rap-GTP recruits effector protein RAPL
via Rap1-binding domain on RAPL, associates with LFA-1 and may mediate
Rap1-dependent LFA-1 redistribution via a double lysine (K1097/K1099) motif in the αL chain of LFA-1 integrin [49–52].
Whereas inside-out signaling is required for integrin activation and cell
adhesion, outside-in signaling leads to cell spreading, actin rearrangement,
focal adhesion formation and tyrosine phosphorylation [53]. Outside-in signaling starts with integrin-ligand binding, separation of α and β chains, activation of Src family kinases, which activate focal adhesion kinase (FAK) or its
hematopoietic analog, Pyk2, culminating in macromolecular complex forma-
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tion, focal adhesion generation, actin rearrangement, stress fiber formation,
and cell spreading [8, 28, 54–57].
Integrin clustering also increases adhesion by increasing local integrin density, an efficient way of regulating binding valency. Clustering is essential in
T and B cell immune synapse formation so that antigen receptors can bind a
relatively small amount of ligands on antigen-presenting cells efficiently [58].
Clustering can be induced by both inside-out and outside-in signaling [59], as
well as multivalent antibody binding [60]. Transmembrane domains of integrin
α and β chains can promote clustering by homotypic oligomerization [60].

1.3

Immune Cell Extravasation and Interstitial Migration

Immune cells are unique in that they can migrate at a speed up to 100 fold
faster than sessile mesenchymal cells. Unlike mesenchymal cells which are subject to anoikis, or anchorage-dependent survival mechanism [61], lymphocytes
are largely autonomous in their environment and do not require constant anchorage for survival. This property makes leukocyte locomotion more similar
to the lower eukaryote Dictyostelium discoideum, instead of mesenchymal cells
[36]. These distinct properties contribute to immune cell’s ability to distribute
quickly and independently of surrounding tissues to different sites of the body
where they are required [20].
Extravasation is the process whereby leukocytes exit from circulation across
vascular endothelial barrier into secondary lymphoid organs or inflamed tis7

sue. Post-capillary venules within lymph nodes or Peyer’s Patch develop
into high endothelial venules (HEV) that are characterized by cuboidal vascular endothelial cells that enable leukocyte attachment and transmigration.
HEV expresses important adhesive molecules including peripheral node addressin glycoproteins such as CD34, integrin ligands such as intercellular adhesion molecule-1 (ICAM-1) or ICAM-2, mucosal specific L-selectin ligand
MAdCAM-1, and chemokines such as soluble CCL19 and CCL21 bound to
endothelial cells via heparan sulfate [7, 62, 63].
Extravasation into inflammatory sites is induced following activation of
endothelial cells by IL-1 TNF-α and other inflammatory cytokines secreted by
macrophages. Once activated, endothelial cells express addressin, GlyCAM1, ICAM-1 and other adhesion molecule ligands, and hold chemokine such
as CCL2 [64] which are stored inside vesicle in activated endothelial cells.
Circulating leukocytes roll on and attach to endothelial cells via L-selectinLewis sialyl X interaction [65], and chemokine stimulation triggers integrin
inside-out signaling that ends with integrin activation and firm attachment to
endothelial layer under shear flow stress. Combined effect of chemokine and
shear flow is required for efficient initiation of trans-endothelial migration.
Once inside the tissue, 3-dimensional interstitial migration occurs. CCR7
directs T cells to paracortical T cell zone, and CXCR5 directs B cells to B
cell follicles. Using full integrin-ablated mice, it has been shown that integrindependent adhesion is not required for lymphoid organ localization, neither
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is it required for interstitial migration for dendritic cells. Consistent with
this, integrin-blockade with soluble antibodies only slightly decreased B cell
interstitial migration within lymph node. In contrast, contractility has been
shown to be crucial for efficient interstitial migration in that defect in myosin
function results in significantly decreased migration within lymph nodes and
dense but not loose matrigel [50, 66, 67].

1.4

Hippo Pathway and Its Role in Mechanosensing

Hippo pathway has been shown to be important in various physiological
processes (Figure 1.3), including apoptosis, cell growth and proliferation, organ size control [68], and mechanosensing [69, 70]. Even though these are
seemingly distinct processes, they, in fact, constitute a central pathway that
senses chemical and mechanical signals, and translates them into intracellular
changes of cell death, growth and migration.
Hippo pathway components include Hippo kinases (Mst1/Mst2 kinases)
complexed with Salvador (Sav1), Lats1/2 kinase-Mob1 complex, Yorkie-homologues
YAP (Yes-associated protein) or mammalian paralog TAZ (transcriptional
coactivator with PDZ-binding motif) transcription activators. Upon upstream
signaling, Hippo kinases phosphorylate and activate LATS kinase, which in
term phosphorylates a serine residue on YAP/TAZ. Phosphorylated-YAP/TAZ
interact strongly with 14-3-3 protein leading to their cytoplasmic localization
[71–73] and subsequent ubiquitination by SCFβ−T RCP and degradation [74].
9

There are extensive studies aimed at revealing the upstream signaling cascades that lead to Hippo pathway signaling. G-protein coupled receptors
(GPCR), including lysophosphatic acid(LPA)-sphingosine 1-phosphate receptor (S1P1) ligand-receptor pair, have been shown to directly activate LATS
and leads to YAP/TAZ nuclear transportation [75]. Chemotactic factors such
as CCL19 and CCL21 have also been shown to lead to MST1 phosphorylation
[52, 76]. Leukemia inhibitory factor receptor (LIFR) signaling, E-cadherin homotypic binding and cell detachment have also been shown to activated Hippo
pathway and suppress breast cancer growth [77–79]. In addition, extracellular matrix rigidity, cell shape, size and the resulting change of tension and
F-actin rearrangement also lead to Hippo pathway-YAP/TAZ signaling and
gene transcription [69, 70, 73].
In lymphocytes, a number of groups including ours have shown that Mst1
and Mst2 kinases are required for proper thymocyte emigration and efficient
interstitial migration [76, 80, 81]. Katagiri et al also presented evidence that
Mst1 is required for T-cell polarization, integrin clustering, and adhesion under
shear flow [52]. From a mechanistic perspective, Mouet al proposed that Mst1
phosphorylates Mob1A/B (MOB kinase activator 1), which subsequently activates Dock8, a Rac guanine exchange factor(GEF), that leads to cytoskeleton
rearrangement. These studies identify one molecular pathway underlying the
migratory defects of Mst1/2-deficient lymphocytes. However, neither of these
characterized Mst1 functions primary T-cells. The study by Katagiri et al also
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mistakenly equates T-cell cytoskeletal polarization with integrin clustering, a
proecess requiring T-cell polarization among many others. A T-cell unable to
polarize will inevitably be unable to cluster its integrin, therefore it is difficult to gauge whether integrin-clustering per se is defective in a system where
its prior step has already been disrupted. The study by Mou et al was also
problematic in that their mechanistic studies were completely carried out in
a system (U2OS human osteosarcoma cell line) very dissimilar to T-cells. As
mentioned above, rapidly-migrating T-cells behave very differently in migration pattern as compared to slowly-migrating mesenchymal cells. Therefore,
it is questionable whether the molecular mechanism determined in U2OS can
be applied to T-cells.

1.5

Outstanding Questions

Given the complexity of cell migration and mechanosensing, many questions remain un-addressed at the beginning of this dissertation study. For example, what distinguishes slowly-migrating cells, which form stress fiber and
focal adhesion, such as fibroblast, from fast-migrating cells, which do not form
stress fiber or focal adhesions, such as lymphocytes, in their respective migratory behavior. Another question is whether Hippo kinase (Mst1 in mammalian
cells) functions in the same or different manner in slowly-migrating cells and
fast-migrating cells. It has been well demonstrated that Mst1 is required for
efficient emigration and migration of T-cells through its regulation of polarity,
11

and perhaps, integrin and adhesion. However, the Mst1 intermediates and
effectors required to achieve its regulatory goals is(are) still obscure. The goal
of this thesis is to uncover the mechanisms and effectors of Mst1-dependent
polarity/adhesion regulation.
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1.6

FIGURES

Figure 1.1. Kanchanawong(2010)

13

Figure 1.2. Kinashi(2005)
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Figure 1.3. Adapted from Pan(2010)
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2. Mst1 Directs Myosin IIa Partitioning of Low and
Higher Affinity Integrins During T cell Migration
Chemokines promote T cell migration by transmitting signals that induce T
cell polarization and integrin activation and adhesion. Mst1 kinase is a key
signal mediator required for both of these processes; however, its molecular
mechanism remains unclear. Here, we present a mouse model in which Mst1
function is disrupted by a hypomorphic mutation. Microscopic analysis of
Mst1-deficient CD4 T cells revealed a necessary role for Mst1 in controlling
the localization and activity of Myosin IIa, a molecular motor that moves
along actin filaments. Using affinity specific LFA-1 antibodies, we identified a
requirement for Myosin IIa-dependent contraction in the precise spatial distribution of low and higher affinity LFA-1 on the membrane of migrating T cells.
Mst1 deficiency or myosin inhibition resulted in multipolar cells, difficulties
in uropod detachment and diffuse localization of low affinity LFA-1. Mechanistically, we have demonstrated that Mst1 interacts with and phosphorylates
Myosin Regulatory Light Chain (MRLC2) at Thr10/11. Thus, Mst1 regulates
Myosin IIa dynamics to organize high and low affinity LFA-1 to the anterior
and posterior contact-zone during T cell migration.

17

2.1

INTRODUCTION

Human mutations in the Mst1 gene result in a primary immunodeficiency
disease [82–84]. Affected patients experience recurrent viral and bacterial respiratory infections as well as cutaneous lesions resulting from Human Papillomavirus infections. Defective immune protection against these infections is
due to T cell deficiency [82–84]. In vivo and in vitro analyses of Mst1 deficient mice have been instrumental in identifying Mst1 as a key regulator of
T cell trafficking [52, 76, 80, 81]. The ability of T cells to continually circulate
through the body is critical for immune protection (reviewed in [85]). Different
T cell subsets have distinct trafficking patterns. Naive and central memory T
cells traffic between the blood and lymphatics. They patrol secondary lymphoid organs such as the spleen and lymph nodes for cognate antigen brought
there by tissue-derived antigen presenting cells. In contrast, effector T cells
traffic to and within inflamed tissue to promote inflammation and mediate
direct target cell killing. T cell trafficking patterns are programmed by the
expression of membrane chemokine receptors and adhesion molecules, including selectins and integrins [1]. T cells enter secondary lymphoid organs and
peripheral tissue from the vasculature by extravasation. Selectins mediate T
cell rolling along the endothelium while integrins provide the strong adhesion
required for stopping and squeezing through the endothelium. Within the
lymph node, naive and central memory T cells are guided by the chemokines
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CCL19 and CCL21 to migrate along fibroblastic reticular cells in an integrinindependent manner. In the absence of antigen, T cells leave the lymph nodes
via the lymphatics to downstream lymph nodes and eventually return to the
blood. Similarly, effector T cells are recruited to sites of infection by chemotactic cues and extravasate in an integrin-dependent manner. However, unlike
within lymphoid organs, inflammation restructures the peripheral tissue environment and up-regulate integrin ligands [86]. Migration of effector T cells
within the inflamed tissue is highly dependent on integrins and is completely
disrupted by integrin blocking antibodies [86].
T-cell responses to chemokines and integrin activation are critical for migration. Chemokines induce T cell polarization and impart migratory directionality. Integrins mediate adhesion and extravasation through endothelia. Mst1
differentially regulates these processes. Mst1 deficient T cells show defects in
CCL19-induced polarization in vitro and decreased migratory velocity within
lymph nodes and thymus [76, 87]. Mst1 deficiency also leads to significant defects in T cell egress from the thymus and in lymph node entry, demonstrating
that Mst1 function is required for extravasation [52, 76, 80, 81, 87]. In vitro
analysis of adhesion show that while selectin-dependent rolling is unaffected,
integrin-dependent firm adhesion is Mst1-dependent [76]. Integrin-mediated
adhesion is a highly regulated process. Integrin affinity and avidity are increased by inside-out signaling downstream of the T cell receptor (TCR) or
chemokine receptor (CCR) [10]. Inside-out signaling changes the orientations

19

of the cytoplasmic tails of integrin α and β chains to allow the extracellular
domains to adopt higher affinity conformations [9]. In addition, binding avidity increases through clustering of multiple LFA-1 receptors. Activation of the
small GTPase Rap1 mediates both increased integrin affinity and avidity [9].
Recently, separate Rap1 effector complexes were identified to associate with
the cytoplasmic domains of LFA-1 subunits. RAPL binds directly to the αL
subunit (CD11a) while RIAM in association with Kindlin-3 binds to the β2
subunit (CD18). Both RAPL and RIAM complexes contain Mst1 and are dependent on ADAP/SKAP55 adapter proteins [88], suggesting that Mst1 may
contribute to affinity and avidity maturation. However, ICAM-1-Fc fusion
proteins equally stain wt and Mst1 deficient T cells, indicating that LFA-1
affinity activation is Mst1-independent. In contrast, Mst1-deficient T cells
show defects in global LFA-1 clustering [52]. This indicates that Mst1 participates in inside-out signaling to regulate integrin clustering, although the
underlying molecular mechanism remains elusive.
Integrin affinity differs among topological locations on the membrane of
migrating T cells. LFA-1 molecules at the leading edge and mid-body are in
the intermediate and high affinity conformations, respectively, while uropodal
and trailing edge LFA-1 molecules have low ligand affinity [33, 34, 89]. This
allows the leading edge to form nascent adhesive contacts, the mid-body to
firmly adhere to establish traction and the trailing edge to detach from the
substratum. Although Mst1 does not regulate LFA-1 affinity maturation [52],

20

it remains to be determined whether Mst1 controls the distribution of different affinity LFA-1 molecules. The actinomyosin contractile module is a
well-studied mechanotransduction machine that regulates integrin-dependent
and independent migration [90]. The ATP-dependent motor protein, Myosin
IIA generates force on filamentous (F-) actin to induce T cell contraction.
Myosin-mediated contraction is necessary for the establishment of new adhesion at the lamellipodium and the detachment of low affinity integrins at the
uropod [26, 91]. Myosin is also important for integrin-independent migration
in interstitial tissue via a cyclical squeezing and pushing mode of movement
[40, 66]. More broadly, myosin is required for the maintenance of cell polarity
and morphology. Myosin-IIa deficient or inhibited cells are either unable to
polarize or become multipolar [92, 93] and are severely defective in migration
through intact endothelium and small pores requiring cellular contractility
[67, 94]. Here, we demonstrate that Mst1-deficient T cells phenotypically resemble Myosin-IIa-inhibited cells. We report a new role for Myosin IIa in
controlling adhesion through the proper spatial distribution of low and high
affinity LFA-1 during T cell migration. Additionally, we show that Mst1 acts
through Myosin IIa to regulate polarization and adhesion during migration.
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2.2

MATERIALS AND METHODS

2.2.1

Mice

Mst1h/h (WeeT) mice were identified by flow cytometric screening of peripheral blood of G3 progeny from C57BL/6 male mice treated with N-ethylN-nitrosourea (ENU) as previously described [95, 96]. For phenotypic analysis and mechanistic studies, Mst1h/h mice were backcrossed to wt C57BL/6
mice for 10 generations to remove other ENU-induced mutations. To identify
the causative mutation in WeeT mice, affected C57BL/6 mice were bred to
129Sv/ImJ mice to generate hybrid F2 mice for mapping. Single nucleotide
polymorphism (SNP) assays across the entire genome (n = 356) were performed using the Sequenom MassARRAY system [97]. Map Manager QTX
was used to calculate logarithm of the odds (LOD) scores and perform interval
mapping [98]. Sequencing was performed on an Illumina genome analyzer after enriching genomic DNA for the mapped region using a custom Nimblegen
array (Short Read Archive # SRA059354). Mice were housed in a specific
pathogen-free facility. Experimental protocols were approved by the GNF Animal Study Committee, the Washington University Animal Study Committee
(protocol # 20110133) and the Dartmouth College Institutional Animal Care
and Use Committee (protocol # huan.yh.1).
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2.2.2

Detection of Mst1 transcripts and protein

For Mst1 mRNA detection, cDNA was synthesized from T cells with SuperScript II Reverse Transcription kit (Invitrogen). Quantitative PCR was carried out using SYBR Green Master Mix (Agilent) on a PRISM 7000 Sequence
Detection System (Applied Biosystems) using GAPDH and Mst1 primers: 5’GCAGGCAGCTGAAAAAGTT-3’ and 5’-CCATAAGACCCCTCTCCAAG3’. For Mst1 protein detection, purified CD4+ T cells (Invitrogen) treated
with vehicle, MG132 or Z-DEVD were lysed with Triton X-100 lysis buffer ((1%
Triton X-100, 50mM Tris pH8.0, 100mM NaCl, proteases inhibitors (Roche).
Pre-cleared cell lysates were analyzed by western blot analysis with Mst1 (Cell
Signaling) and β-actin (Sigma) antibodies.

2.2.3

Cell staining

For flow cytometric analysis, cells were stained with antibodies against
CD8-PE/Cy7, CD45.2-APC750, CD45.1-PerCP/Cy5.5 (eBioscience), Vα11FITC, CD24-PE, CD62L-Pacific Blue, CD69-PE, CCR7-APC, CD4-APC, (Biolegend). For LFA-1 localization, purified CD4+ T cells were stained with
anti-CD44-Alexa488 and anti-CD11a-Alexa647 (M17/4)) and fixed with 4%
paraformaldehyde. For live imaging, staining with anti-CD11a-Alexa647 (M17/4)),
and anti-CD11a-Alexa546 (2D7) was performed during imaging, at a concentration of 0.08 ng/mL to prevent integrin blockade.

23

2.2.4

Confocal and TIRF Microscopy and image analysis

Images were captured under a FluoView-1000 laser-scanning confocal microscope (Olympus). For live imaging, cells were kept in Leibovitz’s L-15
buffer (Gibco) supplemented with 2% FCS. Captured images and videos were
preprocessed in ImageJ (NIH) and analyzed using MATLAB (MathWorks)
to detect individual cells and quantify clustering of fluorescently tagged proteins. Single cell detection was performed with custom-built software written
in MATLAB. Clustering of protein was quantified on singularly detected cells
as described previously [38]. Briefly, mean pairwise distance of the pixels of
the top 10% intensity was calculated as Dα . Sl was the mean pairwise distance
of the same number of pixels packed together as a 10 by 10 pixel square, as
the upper limit of the clustering. Su was the mean pairwise distance of the
same number of pixels uniformly scattered on the cell perimeter, as the lower
limit of the clustering. A clustering index was calculated using the following
equation:
Cidx =

2.2.5

Su −Dα
.
Su −Sl

Transwell assay

Purified CD4 T cells were seeded into top chambers over 3 µm or 5 µm
transwell filters with 100 ng/mL CCL19 (PeproTech) in the bottom chamber.
After 1.5 hrs at 37C, cells were recovered from the lower chamber and counted
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by high throughput enabled flow cytometer LSR II (BD). Percentage of migrated cells was determined as a percentage of total input. In some cases,
the transwell filters were pre-coated with BSA or 2 µg/mL ICAM-1-Fc (R&D
Systems).

2.2.6

In vitro kinase assay

Purified recombinant GST-Mst1 kinase domain and GST-MRLC2 or GSTMRLC2 T10/11A were mixed together in the presence of kinase buffer (25 mM
Hepes, 10 mM MgCl2 , 0.5 mM NaVO4 , 0.5 mM DTT) with or without [γ-32P]ATP. Reactions were terminated after 45 minutes with PAGE sample buffer
and boiled for 1 minute before separation by SDS-PAGE. In cases where [γ32P]-ATP was added, the PAGE gel was stained with Coomassie Blue and
visualized by autoradiography.

2.2.7

Luciferase complementation assay

Luciferase complementation assay was carried out as previously described.
Briefly, 293T cells were co-transfected with different combinations of Mst1-NLuc and target-C-Luc fusion constructs with FuGENE 6 (Promega, Madison,
WI). One day post transfection, cells were seeded into luciferase plates. Luciferin substrate was added after 12 hours and imaged using an IVIS-200 in
vivo imaging system (Caliper Life Sciences, Hopkinton MA).
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2.2.8

Statistics

GraphPad Prism was used to perform Student’s t-test on normally distributed data and Mann-Whitney or Wilcoxon ranked sum test for non-normally
distributed data.

26

2.3

RESULTS

2.3.1

WeeT mice are T cell deficient due to a mutation in Mst1

In an ENU-mutagenesis screen for genetic mutations resulting in T cell lymphopenia, we identified one pedigree, named WeeT (Mst1h/h , see below) with
reduced proportions of conventional CD4 and CD8 T cells in the peripheral
blood (Figure 2.1(a)). Approximately 25% of G3 progeny were lymphopenic,
indicative of a single recessive mutation. CD11b+ myeloid and B220+ B cell
proportions were mildly increased. WeeT mice were out-crossed to 129Sv/ImJ
mice and F2 progeny were used to map the causative mutation by correlating
phenotype and inheritance of C57BL/6 (B), 129Sv/ImJ (C) or both (H, heterozygous) single nucleotide polymorphisms (SNPs) using a SNP panel [96,99].
A perfect genotype-phenotype correlation identified a 4.5 Mb region on chromosome 2 (Figure 2.1(b)). Deep sequencing of genomic DNA following enrichment for exons in the 4.5 Mb region revealed an A to C transversion in exon 5
of the Mst1 gene (Figure 2.1(c)), resulting in substitution of Leu at amino acid
position 157 with Arg (L157R). This mutation did not disrupt Mst1 transcript
levels (Figure 2.1(d)). Instead, we observed a loss of Mst1 protein, in either
its full-length or caspase-cleaved form that did not recover following shortterm treatment (4 hours) with proteosome (MG132) or caspase-3 (Z-DEVD)
inhibitors (Figure 2.1(e)). Thus, we conclude that the WeeT mutation caused
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Mst1 protein loss similar to conventionally-targeted Mst1 deficient mice, and
hereafter, we refer to homologous mutant WeeT mice as Mst1h/h .

2.3.2

Mst1 mutation abrogates Mst1 function in vivo

To determine whether Mst1h/h resulted in a similar immune phenotype as
Mst1 knockout mice, we phenotypically characterized Mst1h/h mice. Similar
to conventional Mst1 knockout mice, we observed a 3- and 5-fold reduction
in splenic CD4 and CD8 T cells in Mst1h/h versus wt littermate mice (Figure
2.2(a), 2.2(b)). As previously reported for Mst1-deficient mice [52, 81], an
accumulation of CD4 and CD8 single positive (SP) thymocytes was observed,
particularly affecting HSAlow CD69neg emigration-ready SP cells (Figure 2.2(a),
2.2(b)). An even greater decrease in peripheral and concomitant increase in
thymic CD4 T cells was observed in Mst1-deficient mice bearing the TCR
transgene, 5C.C7 (Figure 2.2(c), 2.2(d)). Thus, the L157R mutation in the
Mst1 led to a phenotype similar to complete Mst1 knockout.

2.3.3

LFA-1 engagement compensates for Mst1 deficiency in CCL19induced T cell polarization

T cells respond to chemotactic cues by spatially redistributing cell surface receptors and signaling molecules to facilitate migration. Polarization of
chemokine receptors to the leading edge and accumulation of receptors in-
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cluding CD44 in the uropod allow more efficient directional movement [100].
Mst1-deficient T cells are defective in polarization [52, 76]. To better understand how Mst1-loss disrupts polarization, we quantified polarization by calculating CD44 receptor clustering in more than 800 individual T cells based
on a modified method [38]. Consistent with previous studies, the degree of
CD44 clustering decreased significantly in Mst1h/h T cells stimulated with the
chemokine CCL19 (Figure 2.3(a), 2.3(b)). Surprisingly, we did not observe
a gross difference between wt and Mst1-deficient cells in clustering of global
LFA-1 receptors (Figure 2.3(a), 2.3(b)). These quantitative data confirmed
that chemokine-induced T cell polarization is Mst1 dependent.
Chemokine-induced T cell polarization can be enhanced by outside-in integrin signaling, which uses distinct signaling pathways to regulate the actin
cytoskeleton [10, 101]. To determine whether Mst1 also plays a role in the
outside-in integrin signaling, wt and Mst1h/h CD4 T cells were seeded onto
ICAM-1 coated chamber slides prior to CCL19 addition. Polarization was
monitored by time-lapse imaging in the presence of low concentrations of fluorescently labeled antibodies against LFA-1 and CD44. Low-dose antibody
addition neither inhibited adhesion to ICAM-1 nor led to differences in the
migratory behavior compared to unstained wt or Mst1h/h CD4 T cells. Interestingly, ICAM-1 engagement of LFA-1 leads to normal CCL19-induced
polarization of Mst1h/h CD4 T cells, and enhancement of LFA-1 clustering in
both wt and Mst1h/h CD4 T cells (Figure 2.4(a), 2.4(b)). This indicates that
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Mst1 is required for T cell polarization in response to chemokine signaling but
dispensable for polarization induced by outside-in integrin signaling.

2.3.4

Mst1 is important for cellular contractility

To directly investigate the requirements for Mst1 in chemokine-induced migration, we first assessed the ability of CCL19 to induce CD4 T cell migration
through transwell membranes. Broad defects in migration can be detected by
evaluating migration through 5 µm pores. Specific defects in cellular contractility can be detected by further evaluating migration through 3 µm pores [67].
CCL19 induced a 8-fold increase in the migration of wt CD4 T cells through
either 3 or 5 µm transwell pores compared to chemokine-free controls (Figure
2.4(c)). In contrast, CCL19 induced only a 1.6-fold increase in the migration of
Mst1h/h CD4 T cells through 5 µm pores and no detectable migration through
3 µm pores despite normal expression of CCR7 (Figure 2.4(c), 2.4(d)). This
general migration defect is consistent with the inability of Mst1h/h T cells
to establish cell polarity in response to chemokine stimulation (Figure 2.3(a),
2.3(b)).
To further validate the observation that Mst1 is not a component of the
integrin outside-in pathway (Figure 2.4(a), 2.4(b)), we compared the ability
of wt and Mst1h/h T cells to migrate across transwells coated with ICAM-1.
As expected, the presence of ICAM-1 readily and strongly enhanced CCL19induced chemotaxis of wt CD4 T cells (Figure 2.4(c)). LFA-1 engagement
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especially promoted migration of wt T cells through 3 µm pores, which are
less than half the cells diameter. This is consistent with the observation that
migration through 3 µm pores is particularly dependent on myosin-mediated
contractility and is facilitated by integrins [101] .
Interestingly, ICAM-1 enhanced migration of Mst1h/h T cells through 5 µm
pores in response to CCL19 (Figure 2.4(c)). This is likely due to the ability
of ICAM-1 to induce LFA-1-dependent polarization of Mst1h/h T cells (Fig.
2C, D). However, ICAM-1 was unable to promote CCL19-induced migration
through 3 µm pores compared to chemokine-free, ICAM-1 only controls (Figure 2.4(c)). These findings indicate that LFA-1 outside-in signaling can partially compensate for Mst1 deficiency in promoting T cell migration through
non-constraining pores; however, there is a strict requirement for Mst1 in T
cell migration that requires cellular contractility.

2.3.5

Mst1 regulates Myosin IIa localization

To determine how Mst1 regulates cellular contractility, we performed live
differential interference contrast (DIC) imaging of wt and Mst1h/h CD4 T cells
migrating on ICAM-1-coated surfaces. Over time, a fraction of Mst1h/h CD4
T cells but no wt cells formed long uropods. These elongated cells represent a
subpopulation of Mst1h/h CD4 T cells with severe defects in contraction, similar in scale to pharmacologic inhibition of ROCK, an activator of Myosin IIa
at the trailing edge [101]. To investigate Myosin IIa directly, we used confocal
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microscopy to visualize the localization of Myosin IIa-GFP fusion protein and
F-actin by staining migrating wt and Mst1h/h CD4 T cells with phalloidin.
Three-dimensional reconstruction of z-axis serial confocal micrographs of wt
CD4 T cells allowed us to visualize the lamellipodia, the lamellae with dorsal
and lateral membrane ruffles, the trailing edge of the membrane contacting
the substratum, and the upwards-pointing uropod. While F-actin is sparse in
the uropod, Myosin IIa is particularly enriched in the membrane extending
from the trailing edge towards and into the uropod of wt cells (Figure 2.5(a)).
Myosin IIa co-localized with the actin cytoskeleton at sites of membrane ruffling and at the trailing edge (Figure 2.5(a), 2.5(b)). Three-dimensional reconstruction of Mst1h/h CD4 T cell images revealed several abnormalities. The
leading edge of Mst1h/h CD4 T cells did not form a classic fan-like lamellipodium. Membrane ruffles were observed in the leading edge rather than in
the dorsal lamellae (Figure 2.5(a)). Similar to wt cells, Myosin IIa co-localized
with F-actin in the trailing edge. However, instead of extending predominantly
into the uropod, Myosin IIa was diffusely localized throughout the mid-body
and lamellae of Mst1h/h CD4 T cells (Figure 2.5(a), 2.5(b)). The dynamics of
Myosin IIa-GFP were also assessed by live TIRF imaging to visualize Myosin
IIa near the ventral membrane that contacts the substratum. In wt T cells,
Myosin IIa clusters were sparsely observed in the mid-body but enriched in
the posterior membrane during migration (Figure 2.5(b)). Although Myosin
IIa clusters were observed in the posterior membrane of Mst1h/h T cells, it
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was also present in the mid-body and extended into multipolar anterior protrusions (Figure 2.5(b)). These data indicate that Myosin IIa localization was
dysregulated in the absence of Mst1, resulting in a defect in T-cell contraction,
consistent with a lack of migration in 3µm pore transmigration assay.

2.3.6

Mst1-dependent Myosin IIa activity controls the spatial distribution of low and higher affinity LFA-1

Myosin IIa contraction regulates LFA-1 adhesion and de-adhesion [32, 91,
101]. Different affinity LFA-1 conformations are spatially segregated within
the membrane of migrating T cells. Affinity-specific antibodies have revealed
that LFA-1 molecules at the leading edge and mid-body are in the intermediate and high affinity conformations respectively while uropodal and trailing edge LFA-1 molecules are of low affinity [33, 34, 89]. To determine if the
mis-localization of Myosin IIa observed in Mst1-deficient cells affects the distribution of different affinity LFA-1 molecules, wt and Mst1h/h CD4 T cells
were stained with the antibody clone 2D7, which recognizes low affinity LFA-1
[102]. As previously published, low affinity LFA-1 was restricted to the trailing
edge of wt CD4 T cells (Figure 2.5(c), 2.5(d)). Unfortunately, antibodies that
specifically recognize intermediate and high affinity LFA-1 are unavailable for
mouse cells. However, co-staining T cells with limiting amounts of the panaffinity specific LFA-1 antibody, M17/4 together with 2D7 allowed preferential
detection of higher (intermediate and high) affinity LFA-1 by M17/4 (Figure
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2.5(c), 2.5(d)). Dual staining with M17/4 and 2D7 revealed that wt cells
showed enriched distribution of higher affinity LFA-1 in the mid-body behind
the leading edge (Figure 2.5(c), 2.5(d)). In contrast, in many Mst1h/h CD4
T cells, low affinity LFA-1 was distributed inappropriately to the lamellae, an
actin-rich region behind the leading edge. Moreover, a considerable number
of Mst1h/h CD4 T cells generated two leading edge protrusions, with both
lamellae containing mis-localized low affinity LFA-1 (Figure 2.5(d), 2.5(e)).
Higher affinity LFA-1 was also mis-localized in multipolar cells, generally to
the leading or trailing edges. Thus, we conclude that loss of Mst1 disrupts the
spatial organization of low and higher affinity LFA-1 and suggest that this defect significantly contributes to the well-established adhesion defects observed
of Mst1deficient T cells [52, 76].
To determine whether inhibition of Myosin IIa activity phenocopies the
mis-localization of low affinity LFA-1 in Mst1h/h cells, wt CD4 T cells were
treated with Blebbistatin, an inhibitor of myosin ATPase activity [103]. Indeed, Blebbistatin-treated wt cells exhibited broad distribution of low affinity
LFA-1 and could form two leading edges similar to Mst1h/h CD4 T cells (Figure
2.5(e), 2.5(f)). Together, these data support a novel regulatory role for Mst1 in
coordinating Myosin IIa contractility to facilitate the appropriate distribution
of low and higher affinity integrins during T cell migration.
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2.3.7

Mst1 interacts with and phosphorylates Myosin Light Chain
(MRLC2) at Thr10/11

To determine how Mst1 regulates myosin function, we asked whether Mst1
can phosphorylate MRLC2. MRLC2 is classically phosphorylated at Thr18
and Ser19 by myosin-light chain kinase (MLCK) and Rho-kinase (ROCK),
to induce contraction by myosin II [66]. In order to determine whether Mst1
phosphorylates MRLC2 at these two sites, we fixed both wildtype and Mst1h/h
T-cells that are migrating on ICAM-1 in the presence of CCL19 and intracellularly stained with specific antibody for phosphorylation at both sites. MRLC
phosphorylated at Thr18 and Ser19 localized between uropod and mid-body,
especially where cells were elongated (Figure 2.6(a)). This observation is consistent with the function of activated myosin in providing contraction between
cell body and trailing edge in order to detach the adhesive tail [32,40,66,67,91].
Interestingly, Mst1h/h T-cells with the antibody to a similar or mildly enhanced
degree compared to wildtype T-cells (Figure 2.6(c)), rejecting our hypothesis
that Mst1 phosphorylates MRLC2 at T19/S20.
Having determined that Mst1 did not phosphorylate MRLC2 at T19/S20,
we analyzed the MRLC2 primary sequence for other potential phosphorylation
sites based on a kinase consensus sequence library [104]. We found that Thr10
and Thr11 had high probability for phosphorylation by Mst1. We then carried
out in vitro kinase assays with purified Mst1 mixed with purified recombinant

35

GST-MRLC2 and phosphorylation-resistant GST-MRLC2 T10/11A. We determined the level of phosphorylation by separation of recombinant proteins
on an SDS-PAGE gel supplemented with Phos-tag, a chemical that retards
phosphorylated proteins’ mobility [105], and found two phosphorylation sites
(Figure 2.6(c)), both of which were completely abrogated in the GST-MRLC2
T10/11A. This result indicated that Mst1 can phosphorylate MRLC2 at both
T10 and T11.
Given the result of kinase assay, we wanted to examine the ability of Mst1
and MRLC2 intracellularly. Due to common difficulties in performing kinasesubstrate immunoprecipitation, we decided to use luciferase complementation
[106], an assay that allows sensitive detection of weak protein-protein interactions. We fused Mst1 kinase domain to the N lobe of luciferase (Mst1-NLuc) and MRLC2 to the C lobe (MRLC2-C-Luc) and co-transfected them into
293T cells. Extensive bioluminence in the presence of luciferin as compared
to Mst1-N-Luc with unfused C-Luc which had only slight background signal
(Figure 2.6(d)). This result confirmed the intracellular interaction of Mst1
and MRLC2.
Overall, these results clearly indicated that Mst1 not only interacts with
but also phosphorylates MRLC2 at T10/11 but not T19/S20.
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2.4

DISCUSSION

Together, our data demonstrates that Mst1 regulates T cell polarization
and promotes progressive integrin-dependent T cell migration through control
of Myosin IIa activity. Visualization of Myosin IIa and F-actin localization
using confocal and TIRF microscopy allowed us to identify a role for Mst1 in
restricting Myosin IIa localization to dorsal membrane ruffles, the trailing edge
membrane, and the uropod. Moreover, we show that Myosin IIa regulates the
spatial distribution of low and high affinity LFA-1 in migrating T cells. Mst1
deficiency or Myosin II inhibition resulted in the establishment of multipolar
cells, elongated uropods and deregulated localization of low affinity LFA-1.
Precise control of contraction is mediated by phosphorylation of multiple sites within both Myosin light and heavy chains [90]. Normal levels of
di-phosphorylated-Myosin Light Chain (MRLC2-T18S19) in Mst1h/h T cells
suggest that Mst1 is not required to regulate MRLC2 at these sites. However,
we identified MRLC T10/T11 to be phosphorylated by Mst1 kinase.
Another possible mechanism is if Mst1 controls LFA-1 anchoring to the
actinomyosin network. LFA-1 association with the actin cytoskeleton is via
binding to Talin [107] and coincides with association of LFA-1 with Myosin
IIa [32]. Talins are recruited to the CD18 cytoplasmic domain of LFA-1 by
RIAM, an adapter protein that associates with Kindlin and Mst1 [107]. It
will be important in future studies to assess the necessity for Mst1 kinase

37

activity or adapter function in RIAM-dependent anchoring of LFA-1 to the
actin cytoskeleton. While multiple components of the focal adhesion complex
can be phosphorylated [108], it remains to be determined whether any are
Mst1 substrates and how phosphorylation affects integrin association with the
actinomyosin network.
Myosin IIa-mediated contraction is also required for antigen-dependent
responses. Although interstitial migration in the lymph node is integrinindependent [109], T cells rely on Myosin IIa-dependent contraction to squeeze
through narrow gaps [66, 110]. As they migrate, they form transient immune
kinapses with antigen presenting cells [111]. Upon high affinity binding between the T cell receptor and its cognate peptide-MHC antigen, a stable, long
lasting immune synapse forms. The immune synapse is spatially organized into
concentric regions with TCRs accumulating in the central supramolecular activation cluster (cSMAC) surrounded by LFA-1 in the peripheral SMAC. LFA-1
recruitment to the pSMAC and subsequent delivery of the microtubule organizing center (MTOC) to the synapse are dependent on Myosin IIa [112, 113].
While much is known about MTOC delivery [114], it less clear how Myosin
delivers LFA-1 to the pSMAC. Interestingly, Mst1 is activated following TCR
stimulation [47] and is required for stable immune synapse formation [52]. It
remains to be determined if LFA-1 recruitment to the pSMAC is also regulated
by Mst1-directed Myosin IIa activity.
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Myosin contractility is regulated by myosin regulatory light chain (MRLC2)
in non-myocytes. In turn, MRLC2 is regulated via phosphorylation. There are
several sites shown to be phosphorylated on MRLC2 [115]. Phosphorylation of
T18/S19 has been well characterized to activate myosin contractility [101,115].
We have identified another pair of sites at Thr10/11 phosphorylated by Mst1
kinase. Beach et al determined that in HeLa cells Thr10 phosphorylation did
not seem to have physiological importance [115]. However, this phosphorylation pair may be required for myosin activation or localization in T-cells,
which exhibit a completely different migratory pattern than HeLa cells.
In summary, we have identified a new requirement for Myosin IIa in controlling the spatial distribution of low and high affinity LFA-1 and have demonstrated a requirement for Mst1 in controlling Myosin IIa localization and activity during T cell migration. By advancing our insight into the molecular
mechanisms controlling integrin function, T cell contractility, polarization and
migration, our findings help to elucidate the distinct cellular defects that cause
the primary immunodeficiency resulting from Mst1 dysfunction.
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2.5

FIGURES

(a)

(b)

(c)
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(d)

(e)

Figure 2.1. Point mutation in Mst1 kinase results in degradation of Mst1 protein , resulting in decreased peripheral Tcells in Msth/h mice. (A) Representation of CD4 and CD8 T
cells, CD11b+ and B cells in the peripheral blood of wt and
Msth/h mice. (B) Inheritance of homozygous C57BL/6 (B),
129Sv/ImJ (C) or heterozygous (H) SNPs in F2 mice generated by crossing Mst1h/h mice from the original C57BL/6
background to 129Sv/ImJ. Genetic mapping of T-lymphopenic
(WeeT) and normal mice isolated a 4.5 Mb region on chromosome 2 harboring the causative mutation. (C) Msth/h mice
harbor an A to C transversion in exon 5 of the Mst1 gene,
resulting in change of Leu157 within the Mst1 kinase C-lobe
to Arg (L157R). (D) Similar abundance of Mst1 transcripts
in wt and Msth/h T cells. (E) Mst1h/h T cells have reduced
Mst1 protein levels in the presence or absence of proteosome
(MG132) or caspase-3 inhibitors (Z-DEVD).
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(a)

(b)
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(c)

(d)

Figure 2.2. Reduced naive peripheral T cells and increased
mature thymocytes in Mst1h/h mice.(A) Representation and
(B) total cell numbers of splenic naive (CD44low ) and effector/memory (CD44hi ) T cells and thymic populations.
CD4SP and CD8SP thymocytes expressing high levels of
αβTCR were further analyzed for maturity based on differential expression of CD69 and HSA. Less mature SP thymocytes were HSA+ CD69+ , while more mature thymocytes were
HSAlow CD69neg . (C)Splenic 5CC7 TCR transgenic T cells
were assessed for prior activation on CD62L expression. (D)
Thymic profiles of wt and Mst1h/h 5CC7 TCR tg mice including delineation of less mature (HSA+ CD69+ ) and more mature
(HSAlow CD69neg clonotypic CD4SP thymocytes.
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(a)

(b)

Figure 2.3. Impaired polarization but not LFA-1 clustering in
Msth/h T-cells (A) Wt and Msth/h CD4 T cells were stimulated with 100 ng/mL CCL19 in PBS. Polarization of CD44
to the uropod and LFA-1 distribution were visualized by confocal microscopy. (B) Computational scoring of CD44 and
LFA-1 clustering on wt and Msth/h CD4 T stimulated with
100 ng/mL CCL19 in PBS prior to fixation and staining for
LFA-1 and CD44 expression.
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(b)

(c)

(d)

Figure 2.4. Outside-in integrin signaling rescues polarization
but not migration defects in Msth/h T-cells (A) Wt and Msth/h
CD4 T cells were seeded into slide chambers pre-coated with
100 ng/mL ICAM-1-Fc prior to stimulation with CCL19. Polarization of CD44 to the uropod in comparison to LFA-1 expression was visualized by confocal microscopy. (B) Computational scoring of CD44 and LFA-1 clustering during live imaging of wt and Msth/h CD4 T cells on ICAM-1 coated chamberslides stimulated with 100 ng/mL CCL19 in presence of 0.08
ng/mL Alexa647-anti-CD11a/LFA-1 (M17/4) and Alexa488anti-CD44. For each time point, 99-166 individual cells were
analyzed for receptor clustering. (C) Transmigration of purified wt and Msth/h CD4 T cells in response to 100 ng/mL
CCL19 through 3 µm or 5 µm pores pre-coated with BSA or
ICAM-1 Fc. Data is displayed as mean ± SEM of triplicate
samples in a single experiment representative of 3-5 independent experiments. (D) Cytometric analysis of wt and Msth/h
CD4 T cells stained for CCR7.
45

(a)

(b)

(c)
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(d)

(e)

(f)

Figure 2.5. Mst1 and myosin together control low affinity integrin localization in Msth/h T-cells (A,B) Wt and Mst1h/h
CD4 T cells expressing Myosin IIa-GFP were seeded into slide
chambers pre-coated with 1 µg/mL ICAM-1-Fc and stimulated with CCL19 prior to fixation and staining of F-actin with
Rhodamine-phalloidin. (A) Three-dimensional image reconstruction from z-stacks of confocal micrographs. (B) Wt and
Msth/h CD4 T cells expressing Myosin IIa-GFP were visualized
by live TIRF microscopy. Arrows indicate bipolar morphology.
(C,D)Wt and Mst1h/h CD4 T cells were stimulated as above
and stained with 2D7 (anti-low affinity CD11a/LFA-1, green)
and M17/4 (anti-CD11a/LFA-1, red) (E) Wt CD4 T cells
stimulated as above with or without Blebbistatin treatment
were stained with 2D7 and visualized by immunofluorescence.
(F) Quantification of data from (E).
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(a)

(b)

(c)

(d)

Figure 2.6. Mst1 interacts with and phosphorylates MRLC2
at Thr10 and Thr11 (A)T18/S19 phosphorylated myosin
light chain staining of CCL19 stimulated T-cells migrating on
ICAM-1-coated coverslips. (B) Luciferase complementation
assay of 293T cells transfected with Mst1-N-Luc and MRLC2CLuc, Mob1A-CLuc, or CLuc by itself. Signal was detected
with IVIS 200 in vivo imaging system. (C)Levels of T18/S19phosphorylated Myosin Light Chain determined by analyzing
fluorescent micrographs of wt and Mst1h/h CD4 T cells stimulated with CCL19 in ICAM-1 coated chamber slides. (D)
In vitro kinase assay with purified flag or GST recombinant
proteins. Either Mst1 or null control was mixed with GSTtagged wt MRLC2 or T10/11A mutant MRLC2, supplemented
with 100µM ATP for kinase reaction. Differentially phosphorylated protein was separated from un-phosphorylated form
on an SDS-PAGE gel with Phos-tag. MRLC2 bands were detected with anti-MRLC2 antibody. Mst1 bands were detected
with anti-flag antibody.
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3. Triple Functions of L-plastin in Regulating
T-Lymphocyte Egress and Migration
L-plastin is a filamentous (F-) actin bundling protein. It has been shown to
be localized to T-cell lamellipodia and important for thymocyte egress and Tlymphocyte migration. However, the detailed molecular function of L-plastin
in T-cell migration has never been thoroughly investigated. This study reveals
two functions of L-plastin in promoting T-lymphocyte migration: facilitating
formation of lamellipodium, and promoting the formation of microadhesion
at contact zone. During this investigation, we have for the first time discovered a novel F-actin-rich L-plastin dependent microadhesion structure in
T-lymphocytes. We have also identified a new pathway in which Mst1 kinase phosphorylates L-plastin threonine-89, a modification required for proper
lamellipodium organization. Finally, wildtype but not Thr89Ala mutant can
rescue L-plastin dependent thymocyte egress in vivo.
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3.1

INTRODUCTION

T-cells develop in thymus, a primary lymphoid organ in mammals. Upon
completion of intrathymic development, CD69low HSAlow and Sphingosine 1Phosphate Receptor 1(S1PR1high ) mature thymocytes are ready to emigrate
from thymus via reverse extravasation across vascular endothelium into peripheral blood and secondary lymphoid organs (reviewed in [116]). Various
genetic deficienies lead to accumulation of mature thymocytes inside thymus
and concurrent decrease in the number of mature T-cells in periphery. These
models include Mst1 kinase knockout and L-plastin knockout mice.
Mst1 kinase has been demonstrated to be important for T-cell polarization,
migration, integrin clustering, and Rac activation. But the phenotypes and
mechanisms of various studies are not completely consistent, which leaves the
question of what is the exact molecular link between Mst1 and T-cell migration
defect.
L-plastin is a F-actin bundling protein with calcium binding EF-hands
on its regulatory amino terminus and two actin-binding calponin-homology
domains on its carboxyl terminus [117]. L-plastin knockout mice exhibit similar phenotype as Mst1 knockout mice in their inability to properly emigrate
from thymus [17,118]. In addition, L-plastin KO T-cells lack lamellipodia and
cannot form normal immune synapse [119, 120]. L-plastin is subject to tight
control by phosphorylation. Canonical phosphorylation sites include Ser5 and
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Ser7 [121–123], whose phosphorylation promotes its actin binding ability [124].
On the other hand, calcium ion binding at the N-terminal regulatory domain
decreases its actin bundling capability [117].
Focal adhesions are macro-molecular complexes containing integrin, Factin, and various signal and mechanical transducers including vinculin, paxillin, talin, α-actinin, zyxin, focal adhesion kinase (FAK) among others [28–
30](reviewed in [56]). Immature focal adhesion, also known as nascent adhesion or focal complex, is transient and highly dynamic [22, 125, 126]. We
speculate nascent adhesions may allow more rapid migration than mature focal adhesions. On the other hand, mature focal adhesions, interconnected
and anchored through stress fibers, are highly stable structures that firmly attach cells to their substratum via integrin-ligand interactions. Actin-bundling
activity is required for the formation and maturation of immature nascent adhesions whereas the indispensability of contractility is still debatable [22,125].
Mature focal adhesion-like structures have never been observed in T-cells,
consistent with T-cells’ rapid migration capability. In this study, we demonstrate that with high resolution total internal reflection fluorescent (TIRF)
microscopy, transient and highly dynamic F-actin-rich integrin-containing microadhesions reminiscent of mesenchymal nascent adhesions can be observed.
We found that microadhesion and lamellipodium formation is highly dependent on L-plastin. Consistent with previous reports [122], we also found that
L-plastin may activate integrins, specifically lymphocyte function antigen-1
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(LFA-1). We further demonstrated L-plastin is dependent on phosphorylation
at a novel site Thr89 by Mst1 kinase. Additionally, we show that wildtype
but not Thr89Ala mutant can rescue the egress defect in L-plastin-null mice.
Our study suggests that L-plastin may be one of the missing molecular links
between Mst1 signaling and T-cell polarity and integrin clustering.
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3.2

MATERIALS AND METHODS

3.2.1

Mice

Mst1 and LPL deficient mice were generated as previously described. Mice
were housed in a specific pathogen-free facility under the supervision of the Division of Comparative Medicine at Washington University School of Medicine.
Animal studies were approved by the Washington University and Dartmouth
College Institutional Animal Care and Use Committees.

3.2.2

Western blot analysis

CD4 T cells were purified from mouse spleen and lymph nodes with Dynabeads Untouched Mouse CD4 kit (Life Technologies, Carlsbad, CA). The purified cells were then rested at 37C for 20 minutes. Cells were then stimulated
with CCL19 (100 ng 1g/mL) and lysed with Actin cytoskeleton-preserving
lysis buffer (0.1% Triton X-100, 2 mM MgCl2, 150 mM KCl, 10 mM Hepes,
Mini-complete phosphatase and protease inhibitors (Roche, Indianapolis, IN)),
standard lysis buffer (1% Triton X-100, 150 mM NaCl, 40 mM Tris pH 7.5,
Mini-complete phosphatase and protease inhibitors) or 1X NuPAGE LDS Sample buffer (Life Technologies) with reducing agent. Cell lysates were briefly
spun down and separated by SDS-PAGE followed by Western blot analysis.
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3.2.3

Antibodies

Antibodies used for Western blot analysis: LPL (SCBT, Dallas, Texas)
and LPL-phosphoSer5 (a gift from Dr. Eric Brown), Mst1 and phospho-ThrX-Arg (Cell Signaling Technologies, Danvers, MA), -actin (Sigma Aldrich,
Saint Louis, MO). The following antibodies used for flow cytometric analysis
were purchased from Biolegend (San Diego, CA) and eBioscience (San Diego,
CA): anti-CD45.1-PerCPCy5.5, anti-CD45.2-Alexa700, anti-CD4-APC, antiCD8-PECy7, anti-HSA− Pacific Blue, anti-CD69− PE.

3.2.4

Alignment of LPL sequences

NetPhorest (http://netphorest.info/) was used to search for potential MST
phosphorylation sites computationally. Alignment of plastins was performed
using ClustalW2 and Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

3.2.5

Constructs and Cloning

The LifeAct-RFP construct was generously provided by Yunfeng Feng.
Lentiviral constructs of LPL were generated with pLVX (Clontech, Mountain
View, CA) as the backbone and LPL sequence amplified from pMX-LPL plasmid generously provided by Dr. Eric Brown (Genentech) with polymerase
chain-reaction. Site-directed mutagenesis to generate different LPL constructs
was carried out using the Quikchange kit (Stratagene, La Jolla, CA) according
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to manufacturers manual. For luciferase complementation assay, Mst1 kinase
domain was fused in front of the N-lobe of luciferase and LPL in back of the
C-lobe of luciferase in separate constructs generously provided by Dr. David
Piwnica-Worms.

3.2.6

Purification of Recombinant Protein

GST-Mst1 kinase domain, LPL protein were expressed in and purified from
E. coli BL21 strain. Briefly, cells were transformed with appropriate pGEX
construct and grown overnight before induction with IPTG for 1 to 3 hours.
The cells were resuspended in lysis buffer (1% Triton-X 100, 1mM EDTA
pH8.0, lysozyme, protease inhibitors (Roche), 50mM Tris-Base pH 8.0) and
lysed with repeated freeze-and-thaw cycles in liquid nitrogen and in a 37C
water bath. The lysate was subsequently sonicated to fragment bacterial DNA.
GST fusion proteins were then incubated and pelleted with glutathione-beads
(GE) for 6 hours and protein bound to glutathione beads were eluded with
reduced glutathione (Sigma Aldrich, Saint Louis, MO) overnight.

3.2.7

In vitro Kinase Assay

Purified recombinant GST-Mst1 kinase domain and GST-LPL were mixed
together in the presence of kinase buffer (25 mM Hepes, 10 mM MgCl2, 0.5
mM NaVO4, 0.5 mM DTT) with or without [γ-32P]-ATP. Reactions were
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terminated after 45 minutes with PAGE sample buffer and boiled for 1 minute
before separation by SDS-PAGE. In cases where [γ-32P]-ATP was added, the
PAGE gel was stained with Coomassie Blue and visualized by autoradiography.

3.2.8

Luciferase Complementation Assay

Luciferase complementation assay was carried out as previously described.
Briefly, 293T cells were co-transfected with different combinations of Mst1-NLuc and target-C-Luc fusion constructs with FuGENE 6 (Promega, Madison,
WI). One day post transfection, cells were seeded into luciferase plates. Luciferin substrate was added after 12 hours and imaged using an IVIS-200 in
vivo imaging system (Caliper Life Sciences, Hopkinton MA).

3.2.9

Total Internal Reflection Fluorescence (TIRF) Microscopy

To examine microadhesion dynamics at the thin membrane-substratum
interface, we used TIRF microscopy, which visualizes the

200 nm mem-

brane region contacting the substratum/glass. CD4 T cells expressing various
fluorescently-tagged proteins were allowed to settle in Leibovitz’s L-15 medium
supplemented with 10% fetal calf serum into Nunc Lab-Tek II chambered coverglass pre-coated for 20 minutes at 37C with 2µg/well recombinant ICAM-1Fc (R&D Systems, Minneapolis, MN). Chamberslides were later placed into
a heated and humidified chamber and imaged using MetaMorph (Molecular
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Devices, Sunnyvale, CA) on a Olympus IX81-ZeroDrift 2 inverted microscope
equipped with widefield fluorescence light source and shutters, celltirf TIRFM
illuminator, and 490 nm, 560 nm, 640 nm laser lines. A 60X 1.49 N.A. oil
objective was used to capture the images. Each channel was sequentially captured with an Andor Zyla 5.5 camera at 50 fps.

3.2.10

Generation of Bone Marrow Chimera

Hematopoietic stem cells (HSC) were purified from LPL deficient mice
using the Miltenyi anti-cKit positive selection kit according to manufacturers manual, followed by fluorescence-activated cell sorting of cKit+Sca1+
cells. HSCs were subsequently allowed to proliferate in the presence of stem
cell factor (50 ng/mL) and thrombopoietin (50 ng/mL) and transduced with
lentivirus encoding LPL fused with green fluorescent protein. Transduced
HSCs (>10,000/recipient) were injected intravenously into lethally irradiated
CD45.1+ congenic mice. Eight weeks following reconstitution, thymus, spleen
and lymph nodes were harvested from recipients and analyzed by flow cytometry.

3.2.11

Immunofluorescent Staining of CD4 Lymphocytes

For polarity staining, purified CD4 T cells were stimulated, stained with
anti-CD44-Alexa488, anti-CD11a-Alexa647 (M17/4)) and fixed with 4% paraformalde-
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hyde. For actin staining, purified CD4 T cells were allowed to settle on ICAM-1
coated chamberslides and stimulated prior to fixation with 4% paraformaldehyde and permeabilization with 1% Triton X-100. Cells were then stained for
filamentous actin with rhodamine-phalloidin (Life technologies) and anti-LPL
specific antibody followed by anti-mouse IgG-Alexa488. Images of stained
CD4 T cells were captured using an Olympus FV-1000 confocal microscope.

3.2.12

Image Processing and Analyses

Movies and images were initially processed in Fiji [127] for conversion to
multichannel tiff files followed by custom Matlab programs to detect cell contour and microclusters and to compute clustering index of certain fluorescently
tagged proteins. Briefly, the cell contour was detected with recursive global
and local thresholding until reaching a predefined criterion. The cell contour
served as the confined region for microclusters detection. Microclusters were
identified by detecting local maxima, limited by size and a fraction of the
total intensity of the cell. The computation of clustering index was done as
previously described in Chapter 2.
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3.3

RESULTS

3.3.1

Thymic egress and T-cell migration depend on L-plastin and
lamellipodium formation

L-plastin (LPL) knockout mice are known to have a block in thymic egress
[118], as manifested by an accumulation of both mature CD4SP and CD8SP
(CD69low HSAlow ) thymocytes (Figure 3.1(a)). CD4 T-cells purified from LPL−/−
mice were subjected to both Transwell assay and 2-dimensional migration on
coverslips coated with the LFA-1 ligand ICAM-1 (Figure 3.1(b), 3.1(c)). Both
assays confirmed that migration is dependent on LPL.
Microscopic analysis of migrating LPL−/− T-cells transfected with LifeActRFP or fixed with paraformaldehyde and subsequently stained with rhodaminephalloidin confirmed a lamellipodial formation defect (Figure 3.1(d)) that was
consistent with a previous study utilizing RNA-interference to knockdown Lplastin [119]. Since intermediate affinity LFA-1 localizes to leading edge at
lamellipodium [33], the inability to extend a sizable lamellipodium is likely
responsible for decreased overall migration velocity and distance observed in
migration assays. On the other hand, because high affinity LFA-1 is localized
to the mid-body of T-cell [33,34], forming an adhesive focal zone, mid-body of
defective cells is preserved and therefore still comparably adhesive to ICAM-1
surface (Figure 3.1(d)).
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These results indicated that LPL is required for efficient thymic egress,
migration, and lamellipodial formation in T-cells.

3.3.2

Novel microadhesion structures in T-cells are dependent on
L-plastin

In order to investigate LPL localization in rapid-migrating T-cells, LPLGFP plasmid was transfected into wildtype T-lymphoblasts activated with
anti-CD3 and anti-CD28 antibodies. Using TIRF microscopy, we observed
that LPL-GFP localized to the tip of lamellipodial leading edge in T-cells
migrating on ICAM-1 surface (Figure 3.2(a)). Unlike F-actin, visualized by
LifeAct-RFP, which was more dynamic around the leading edge region.
In addition to lamellipodial localization, we also observed punctate structures rich in LPL-GFP in the contact zone between migrating T-cells and
ICAM-1 surface (Figure 3.2(a)). Wondering whether these structures are also
rich in F-actin, we visualized LifeAct-RFP in wildtype T-cells them with TIRF.
Not surprisingly, F-actin colocalizes with LPL-GFP at these puncta (Figure
3.2(a)). These puncta are stable structures formed immediately behind newly
formed lamellipodia and remain static relative to the substratum surface (Figure 3.2(b)), suggesting they are adhesive structures. We also noticed that the
F-actin and LPL-GFP intensity is variable among different puncta in the same
cells (Figure 3.2(a)). Higher content of both proteins correlates with increased
local adhesion, often manifested as elongated trailing edge as cells rapidly mi60

grate, further validating the adhesive nature of these structures. Unlike the
F-actin ring and integrin core associated with podosomes observed in dendritic
cells and osteoclasts, F-actin localizes throughout the puncta. Hereafter, we
term them ”microadhesions”.
To exclude the possibility of microadhesion being artefacts resulting from
protein over-expression and aggregation, we fixed unmanipulated primary wildtype T-cells migrating on ICAM-1 surface and stained them with rhodaminephalloidin. Consistent with previous observations, a side-view of phalloidinstained cells also revealed microadhesions were confined to the bottom surface
of T-cells (Figure 3.2(d), 3.2(e)).
Given the presence of LPL in the microadhesions, we asked whether LPL is
required for microadhesion formation. We fixed primary wildtype and LPL−/−
T-cells migrating on ICAM-1 surface, stained them with phalloidin, and quantified the number of microadhesions with quantitative microscopy. LPL−/−
T-cells exhibited much fewer microadhesions both per cell and per unit area
(Figure 3.2(f), 3.2(g)), suggesting that LPL is required for the formation of
microadhesion.

3.3.3

Microadhesions are protein complexes of various adhesion
molecules resulting from outside-in signaling

To further investigate the protein composition in microadhesions, we stained
T-cells for LFA-1 or over-expressed three fluorescently-tagged proteins nor61

mally restricted to focal adhesions, including vinculin, zyxin, and talin. All
three focal adhesion proteins co-localized with F-actin in microadhesions (Figure 3.3(a)). However, unlike focal adhesions [128], T-cell microadhesions did
not co-localize with active myosin as detected by staining with di-phosphorylated
myosin light chain. Instead, active myosin surrounds microadhesions (Figure
3.3(a)).
Next, we asked whether microadhesion formation occurred as a result of
inside-out or outside-in signaling. To answer this question, we seeded T-cells
either on ICAM-1-coated surface or on poly-D-lysine (PDL)-coated surface.
We incubated them briefly with CCL19, a classic trigger for integrin insideout signaling, fixed, and stained them with rhodamine-phalloidin to visualize
microadhesions. We found that microadhesion formation completely depended
on integrin receptor-ligand interaction since no microadhesions formed in Tcells on PDL-coated surface even in the presence of CCL19 (Figure 3.3(b)),
suggesting that microadhesion formation is a result of outside-in signaling.
Microadhesions are reminiscent of highly dynamic nascent adhesions formed
in sessile mesenchymal cells prior to maturation in focal adhesions [22, 126],
which firmly hold the cells down to substratum. However, in T-cells, we found
these microadhesions never matured into focal adhesions, or developed stress
fibers. We speculates that this inability to mature ensures the rapid migration nature of T-cells. It is, however, difficult to determine whether it is the
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rapid migration in T-cell that prevents microadhesion maturation or lack of
maturation that leads to rapid migration.
Extravasation of T-cells occurs through specialized endothelial cells called
high endothelial venules (HEV) in lymphoid organs or through activated vascular endothelial cells around inflamed tissues. To ask whether actin microadhesions form physiologically present in T-cells arrested on endothelial cells,
we used fluorescent confocal microscopy to analyze T-cells migrating on top
of a mono-layer of activated MS1 pancreatic endothelial cell line. We found
that LifeAct-RFP-expressing T-cells arresting on MS1 cells also had microadhesions (Figure 3.4(a)), confirming microadhesions form under physiological
conditions. We also fixed these cells and capture Z-series to gain the vertical
details of microadhesions on MS1 cells stained for ICAM-1. Intriguingly, we
found that some small actin structures extended beyond the T-cell plasma
membrane into MS1 cells (Figure 3.4(b)).

3.3.4

LPL localization requires the N-terminal regulatory domain
which contains a novel site for Mst1 phosphorylation

N-terminus of LPL has been shown to be important in regulation of the
actin-binding activity of LPL [117, 121, 123, 124]. We asked whether the regulatory domain is also important for LPL localization. In order to test it,
we transfected wildtype T-cells with a wt LPL or an LPL lacking the Nterminal 89 amino acids (LPL∆89 -GFP). With TIRF microscopy, we observed
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that, even in the presence of intact actin-binding domains, LPL localization
to lamellipodium or actin microadhesions was disrupted (Figure 3.5(g)). This
result confirms that the N-terminal regulatory domain not only governs LPL
activity but also its localization.
In addition to the reported protein kinase A-dependent Ser5 phosphorylation [123], we identified a potential Mst1 kinase phosphorylation site in LPL
regulatory domain with a curated online database [104]. Given the similarity
of thymic egress defect phenotypes in both Mst1-deficient and LPL knockout mice, we decided to further investigate a possible regulatory link between
Mst1 and LPL. Interestingly, we found that LPL gel mobility was increased in
Mst1h/h CD4 T-cells compared with wt CD4 T-cells (Figure 3.5(c)), suggesting
an altered post-translational modification. Calf intestinal phosphatase treatment equalized the band mobility of both genotypes, confirming a difference
in phosphorylation (data not shown). Western blot analysis with anti-Ser5
specific antibody showed no difference in LPL Ser5 phosphorylation. To determine if Mst1 could phosphorylate the predicted site at Thr89 on LPL, we
purified recombinant LPL and a Thr89Ala (T89A) mutant for in vitro kinase
assay with purified Mst1 or its kinase dead version Lys59Arg (K59R) Mst1.
Phosphorylation was detected with either 32 P labeling (Figure 3.5(d)) or western blot analysis with a sequence-specific anti-phospho-TXR antibody (Figure
3.5(e)). The kinase assay results showed that Mst1 indeed phosphorylates LPL
at Thr89, while T89A was not phosphorylated by Mst1 (Figure 3.5(d), 3.5(e)).
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Besides in vitro kinase assay, we wanted to confirm that Mst1 and L-plastin
actually interact intracellularly. To do this, we utilized a luciferase complementation system developed in the laboratory of Dr. David Piwnica-Worms
to demonstrate in vivo protein-protein interactions. We fused Mst1 kinase
to N-lobe (Mst1-N-Luc) and LPL to C-lobe (LPL-C-Luc) of firefly luciferase.
When co-expressed in 293T cells, bioluminence in the presence of luciferin can
only be detected when Mst1 interacts with LPL. Significant amount of bioluminence was detected in cells expressing Mst1-N-Luc paired with LPL-C-Luc,
or Mob1A-C-Luc, a well-established Mst1 substrate, but not with vimentinC-Luc (data not shown) or C-Luc by itself (Figure 3.5(f)).
Overall, these results showed a previously unknown role for the N-terminus
of LPL in directing its localization both to lamellipodium and F-actin microadhesions, as well as identified a novel threonine site at LPL residue 89 that is a
target of Mst1 kinase activity.

3.3.5

Thr89 phosphorylated LPL promotes proper lamellipodial organization

Because LPL is important in both lamellipodial and microadhesion formation, we asked whether Thr89 phosphorylation regulates LPL in these two locations. We used confocal microscopy to analyze LPL−/− T-cells reconstituted
with wildtype or phosphorylation-resistant T89A LPL-GFP, and co-stained
with rhodamine-phalloidin to visualize cytoskeleton structure. Wildtype LPL
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reconstituted cells were well-spread and smooth lamellipodia. Reconstituted
LPL-GFP extensively localized to lamellipodia, similar to its localization in
wildtype T-cells. In contrast, T89A LPL-GFP only partially reconstituted
lamellipodia, and these lamellipodia had abnormal morphology. For instance,
some lamellipodia exhibited regions completely devoid of F-actin, a phenotype
also observed in Mst1h/h T-cells (Figure 3.6(c)); in other instances, there was
extensive F-actin clumping at or behind the lamellipodium. Moreover, T89A
LPL showed decreased localization to lamellipodium compared to wt LPL,
further confirming the requirement of phosphorylation of Thr89 LPL in T-cell
lamellipodia formation (Figure 3.6).

3.3.6

Phosphorylated LPL is important for LFA-1 activation and
firm adhesion

Having seen a defect in lamellipodium with T89A LPL, we also asked
whether it is important for microadhesion formation. We quantified the number of microadhesions in wt or T89A LPL reconstituted T-cells but found no
difference in the microadhesion number. This result suggests that Mst1 phosphorylation at T89 is not required for LPL microadhesion formation. Similar
to published study showing that amino acid 1-21 of LPL can activate αMβ2
integrin in polymorphonuclear neutrophils [122], we found that over-expression
of LPL also activate LFA-1. Regions enriched in LPL-GFP coincided with reduced staining with 2D7, an antibody that detects low affinity LFA-1 (Figure
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3.7). In addition, high LPL-GFP expressing T-cells exhibited firm adhesion
at the trailing edge, resulting in reduced migration velocity, an effect not observed in cells expressing T89A-LPL-GFP (Figure 3.7(a), 3.7(b)). These results suggest that Mst1 phosphorylation of LPL T89 is required for its ability
to directly and indirectly activate LFA-1 integrin. In this respect, LPL may
function similarly to α-actinin and talin.

3.3.7

Wt but not phosphorylation-resistant LPL rescues T-cell egress

To determine the in vivo significance of LPL T89 phosphorylation on T
cell trafficking, we evaluated the ability of re-expressing wt or T89A LPL to
rescue the egress defects of LPL−/− T cells in bone marrow chimeras. Donor
hematopoietic stem cells (HSCs) from CD45.2+ LPL-deficient mice were infected with lentivirus encoding GFP− fused Wt or phosphorylation-resistant
LPL (T89A) followed by injection into lethally irradiated CD45.1+ wt mice.
Eight weeks post-reconstitution, T cells derived from LPL-deficient HSCs were
analyzed by flow cytometry. GFP− CD45.2+ T cells are derived from uninfected HSCs and thus lack LPL. As in non-manipulated LPL-deficient mice,
GFP− CD4SP and GFPCD8SP accumulated abnormally in the thymus with a
specific enrichment of CD69− HSA− mature SPs (Figure 3.8(a)). Additionally,
an increase in T cells was observed in the lymph nodes, particularly the CD8
cytotoxic T cells (Figure 3.8(b)), suggesting a lymph node egress defect not
previously characterized.
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GFP+ CD45.2+ are derived from LPL-deficient HSCs with re-expression of
wt or T89A LPL. GFP+ CD4SP and GFP+ CD8SP proportions in the thymus
and lymph node from wt LPL-reconstituted HSCs were reduced compared to
GFP− CD45.2+ cells, indicative of rescued T cell egress (Figure 3.8(a), 3.8(b)).
In contrast, GFP+ cells expressing T89A LPL led to increased accumulation
of CD69− HSA− mature SPs in the thymus (Figure 3.8(a)). Peripheral CD4
and CD8 T cells reconstituted with T89A LPL also accumulated in the lymph
nodes (GFP+ , (Figure 3.8(b)). Collectively, these results demonstrate that
Mst1-mediated phosphorylation of LPL at T89 is critical for promoting normal
egress and trafficking of T cells from the thymus and lymph nodes. In summary, we have demonstrated that the formation of microadhesions, actin-rich
integrin-associated microclusters, in migrating T cells requires LPL. Identification of the phosphorylation of LPL by the upstream regulator Mst1 defines
a novel signaling pathway, providing mechanistic insight into prior observations that both Mst1 and LPL are essential for normal T cell polarization and
migration.
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3.4

DISCUSSION

The organization and distribution of adhesions constitute one of the most
important step in the physical process of cell migration. Cell-cell and cellmatrix adhesive structures, such as cadherin-based cell-cell junctions, cellmatrix focal adhesions, invasive podosomes have been extensively characterized [128–132]. However, to our knowledge, no similar structure has been described in migrating T-cells, even though the phenomenon of integrin-clustering
at immune synapse between the T-cell and antigen presenting cells has been
well characterized. Katagiri et al first described integrin clustering at the
lamellipodia of migrating T-cells [51,52,76]. Recently, Shulman et al described
LFA-1 dot structures in human T-cells; however, the described structures were
largely devoid of F-actin or pTyr [42]. In our study, we observed extensive
F-actin-rich LFA-1-positive microadhesions in T-cell-substratum contact interface with high-resolution TIRF microscopy. These dynamic but immobile
structures are complexes containing F-actin, integrin, talin, vinculin, zyxin,
and the actin-bundling protein L-plastin. Unlike focal adhesions, they form
immediately behind newly established lamellipodia within seconds, remain
stably attached to substratum, and dissolve at the trailing edge of a migrating T-cell. We also found that microadhesion formation is highly dependent
on L-plastin, which is also crucial for the lamellipodium formation and integrin activation. In addition, we identified a novel Mst1 kinase-L-plastin

69

regulatory pathway, where L-plastin T89 regulates F-actin organization in the
lamellipodium and integrin activation. In vivo, LPL T89 phosphorylation is
required for proper T-cell thymic and lymph node egress. In summary, Lplastin has triple functions: Mst1-independent microadhesion formation, and
Mst1-dependent lamellipodium formation and integrin activation.
Given the general requirement for actin anchoring of adhesion structures
in other cell types and the ability of LFA-1 to associate with actin during
T cell activation, it is perhaps surprising that microadhesions have not been
previously appreciated in migrating T cells. A prior study of integrin dots in
T cells migrating on ICAM-1-coated surfaces and endothelial cells showed no
co-localization with F-actin [42, 133]. One explanation of why we are able to
observe these F-actin microadhesion is that, instead of confocal microscopy, we
made extensive use of TIRF microscopy, which is better equipped for observing
actin structure on the membrane with minimal out-of-focus light. Confocal
analysis can easily miss actin microadhesion due to out-of-focus light from the
intracellular phalloidin staining. Only after we observed these structures with
TIRF were we able to find the correct Z-plane on confocal microscope to visualize them clearly. We also noted that LFA-1-specific antibodies added during
live imaging can block LFA-1’s binding to ICAM-1 [102], preventing outsidein signaling of stained molecules, a requirement for microadhesion formation
(Figure 3.8(b)).
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Interestingly, stability of microadhesions directly correlated with F-actin
and LPL concentrations. We have often observed that microadhesions of
higher F-actin or LPL content lead to higher stability and resistance to disassembly, even at the trailing edge of a migrating cell. This resistance can drag
part of the cell membrane behind and impede cell migration. We do not yet
understand the mechanism that controls the size and the protein concentration of microadhesion and how it dissolves. Based on our own observation and
published reports [10, 33, 34], the integrin affinity at the front edge is usually
higher than at the trailing edge. The affinity of integrin within the microadhesions also likely changes in a spatially-dependent manner. Microadhesion may
represent a certain way of integrin clustering, and a convenient and efficient
way for bulk activation and deactivation of integrin.
We have also found that when sitting on top of activated endothelial cells,
microadhesions can insert into endothelial cells, providing a possible anchor.
Even though we were unable to capture whether these microadhesion can be
a precursor for trans-cellular migration due to the rapid and subtle nature
of these events, future studies should examine these processes. Also, close
examination of T-cells fixed on top of endothelial cells showed that T-cells
can insert flap-like structures (which we call ”lips”) into cell-cell junctions
between endothelial cells. We speculate T-cell use these lips as probes for sites
of diapedesis, which could be the precursor or end product of invadopodia
[134].
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A couple of studies have shown the importance of phosphorylated Ser5 in
actin binding and bundling activity [124,135]. Phosphorylation at Thr89 is not
redundant with Ser5, in that phospho-mimic T89E does not appear to bind or
bundle actin better than wt or phosphorylation-resistant T89A mutant in vivo
(data not shown). Neither did wildtype versus T89A-reconstituted LPL−/−
T-cells show significant difference in the formation of microadhesions, which
likely require intact F-actin bundling activity. However, the N-terminus as a
whole is an essential regulatory part of the protein, particularly in targeting
of the protein to sub-cellular locations, as evidenced by the diffuse localization
of LPL lacking the first 89 residues. The particular function of Thr89 phosphorylation is more interesting. We found that T89A-reconstituted LPL−/−
T-cells have lamellipodia with disorganized F-actin structures, which manifested as hollow lamellipodia or clumpy F-actin. Similar phenotype was also
observed in Mst1h/h T-cells (Figure 3.6(c)). In addition, there is less accumulation of T89A LPL in lamellipodia as compared to wildtype, suggesting
a potential localization problem. Finally, over-expression of wildtype but not
T89A LPL results in severely immobilized T-cells. Although these T-cells have
normal lamellipodia, they have heightened integrin-binding [122] and difficulty
moving and deteching trailing edge [32].
The actin-binding activity of LPL can be reduced by increased association of Ca2+ to the two N-terminal EF hands [117]. Ca2+ can also indirectly
regulate LPL function through the Ca2+ sensing protein Calmodulin (CaM).
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Deletion of the putative CaM binding sequences disrupts LPL accumulation
in the pSMAC of the immunological synapse, suggesting that CaM promotes
LPL activity [136]. Interestingly, the LPL residues reported to bind CaM
center around Thr89, the Mst1 phosphorylation site. Studies have demonstrated that PH domain binding is required for LPL function, utilized LPL
deletion mutants that also disrupted T89. Therefore future studies should be
conducted to dissociate Mst1 and CaM regulation of LPL. Direct evaluation
of CaM binding by wt and Thr89A mutant LPL show no differences in CaM
binding, indicating that the T cell egress defects of T89A are due to disruption
of Mst1 phosphorylation of LPL.
We and other have clearly demonstrated that Mst1 is important for T-cell
migration [52, 76, 80, 81, 87]. Mst1 is recruited from a para-nuclear location to
the plasma membrane through association with RAPL, an effector of small
GTPase Rap1. Two mechanisms have been proposed for how Mst1 controls
migration. These include integrin clustering [52] and F-actin polymerization
[80]. Studies done by Katagiri et al did not provide a direct molecular link
between Mst1 and integrins. In addition, a B-cell line, a phenotypical normal
population in Mst1 mutant mice,was used as a model to demonstrate the Mst1dependent LFA-1 clustering. A role for Mst1 in F-actin polymerization was
demonstrated by Mou et al, using Mst1/Mst2 double knockout thymocytes.
Thymocytes are too small to be a good model to investigate actin polymerization and polarization. Additionally, the proposed molecular mechanism link-
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ing Mst-dependent Mob1A/B phosphorylation to DOCK8 and Rac1 activation
was completely demonstrated in the U2OS osteosarcoma cell line, which is a
rather irrelevant model for T-cell biology. We, however, used primary T-cells
to demonstrate LPL as a direct molecular link between Mst1 and both integrin
activation and lamellipodial F-actin organization. The physiological relevance
of Mst1-LPL axis was shown using bone marrow reconstitution of LPL−/−
HSCs. The triple functions of LPL in promoting formation of the adhesion
and lamellipodia resemble those of various other well-documented actin accessory proteins including myosin and α-actinin, both known to bundle F-actin
and promote adhesion formation [22, 23, 29, 30, 32, 33].
In summary, we have defined a new F-actin microadhesion structures in
T-cells migrating on ICAM-1 and shown actin-bundling protein L-plastin is
required for the formation of these microadhesion structures, in addition to
formation of lamellipodia and activation of integrin. We have also identified a
regulatory pathway in which Mst1 kinase phosphorylates LPL at Thr89, a site
of physiological significance in integrin activation and in vivo thymocyte egress.
Overall, our study has provided the first concrete molecular link, L-plastin,
between Mst1 and integrin clustering and activation as well as lamellipodial
formation and polarization.
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3.5

FIGURES

(a)

(b)

(c)

(d)
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Figure 3.1. L-plastin is required for thymic egress, efficient
T-cell migration, and lamellipodium formation (A)Flow cytometric analysis of thymocytes from wt or L-plastin−/− mice,
stained with CD4, CD69 and HSA to distinguish mature versus immature populations. (B)Transwell assay of T-cells from
thymocytes from wt or L-plastin−/− mice towards 100ng/mL
CCL19 were carried out using 96 transwell inset with 5µm
pores. Cells were counted after 3 hour incubation with flow cytometer.(C) Travel distance of purified CD4 T-cells from both
genotypes migrating in the presence of 100ng/mL CCL19 on
ICAM-1 coated chamberslides. Time-lapse video microscopy
was used to capture migration and subsequently analyzed
with chemotaxis tools in Fiji. (D) Purified CD4 T-cells from
both genotypes were transfected with LifeAct and seeded onto
ICAM-1 coated chamberslides. Photos were taken with a TIRF
microscope to capture cell-matrix contact surface.
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Figure 3.2. Microadhesions are L-plastin-dependent adhesive
structures (A)Purified wt CD4 T-cells were co-transfected
with LifeAct-RFP and LPL-GFP. Photos were taken with
a TIRF microscope to capture cell-matrix contact surface.
(B)Purified CD4 T cells nucleofected with LifeAct-RFP were
stimulated with CCL19 in ICAM-1 coated chamberslides and
visualized by live TIRF microscopy. Three serial time points
(5 seconds apart) from a single representative cell were pseudocolored red, green and blue and then overlaid. Signal persisting in t1 and t2 appear yellow, in t2 and t3 appear aqua; in
all three time points appear white. (C)Purified CD4 T cells
nucleofected with LifeAct-RFP were visualized by live TIRF
microscopy migrating on ICAM-1 coated chamberslides in response to CCL19. White, yellow and green arrows track the
location of three individual actin microclusters. (D)Purified
CD4 T cells were seeded into ICAM-1 coated chamberslides
and stimulated with CCL19 (1 µg/mL) for 10 minutes followed
by fixation and staining with rhodamine-phalloidin. DIC images (left) and F-actin localization (middle) were visualized by
confocal microscopy. Focal actin microclusters (white dots)
are readily visible in the inset corresponding to a larger view
of the lower T cell. (E)Purified CD4 T cells were seeded into
ICAM-1 coated chamberslides and stimulated with CCL19 (1
µg/mL) for 10 minutes followed by fixation and staining with
rhodamine-phalloidin. F-actin localization was visualized by
confocal microscopy. Focal actin microclusters (left, bottom
view) are readily visible in the ventral membrane but not in
the cytoplasm (right, side view) (F, G)Purified CD4 T cells
from wt and LPL-deficient mice nucleofected with Lifeact-RFP
were seeded into ICAM-1-Fc coated chamberslides. DIC images (left) and F-actin structures detected by Lifeact (right)
were visualized by confocal microscopy. Microadhesions were
counted and presented as number per unit area and number
per cell
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(b)

Figure 3.3. F-actin microadhesions are protein complexes containing integrin, talin, vinculin and zyxin (A)For LFA-1 and
myosin staining, purified CD4 T cells seeded into ICAM-1-Fc
coated chamberslides were fixed and stained with rhodaminephalloidin and anti-LFA-1 antibody or permeabilized followed
with anti-S18/T19 MRLC antibody. F-actin (left) and LFA-1
(right) localization at the membrane substratum interface was
visualized by confocal microscopy. For others, purified CD4 T
cells nucleofected with LifeAct-RFP and various protein tagged
with GFP were seeded into ICAM-1-Fc coated chamberslides
and visualized by live TIRF imaging. (B)Purified CD4 T cells
seeded into poly-L-Lysine-coated or ICAM-1-Fc-coated chamberslides were fixed and stained with rhodamine-phalloidin.

(a)

(b)

Figure 3.4. F-actin microadhesions form in T-cells migrating
on endothelial cells (A,B)Purified CD4 T cells nucleofected
with LifeAct-RFP were seeded on a mono-layer of MS1 mouse
endothelial cells followed by live confocal microscopy. A line
diagram (right) delineates T cell and endothelial cell boundaries. A Z-stack of T-cell sitting on top of an anti-ICAM-1
stained MS1 cell was captured and a side-view is presented
here (B).
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(g)

Figure 3.5. Mst1 interacts with and phosphorylates LPL at
Thr89 (A)A schematic of LPL domains. (B)ClustalW2 analysis of the portion of the regulatory domain of mouse plastins containing the Mst1 phosphorylation site. (C)Wt and
Mst1h/h CD4 T cell lysates were separated by SDS-PAGE. LPL
gel mobility was visualized by Western blot analysis. (D)In
vitro phosphorylation of wt or T89A mutant LPL regulatory
domain (residues 1-112) by wt or kinase defective (kd) Mst1
was visualized by autoradiography. Recombinant Mst1 and
LPL input proteins were visualized by Coomassie staining.
(E)Mst1-mediated phosphorylation of full length LPL visualized by western blot analysis with a phospho-Thr-X-Arg specific antibody. (F)In vivo interactions between Mst1 and target proteins were determined by their ability to reconstitute
luciferase activity. 293T cells were co-transfected with Mst1
fused to the N-terminal domain of luciferase (N-Luc) and the
indicated targets fused to the C-terminal domain of luciferase
(C-Luc). Empty C-Luc and vimentin-C-Luc fusion proteins,
which have no reported association with Mst1, were used as
negative controls. C-Luc fused to Mob1a, a known Mst1 target, was used as a positive control. (G)Wt LPL or LPL lacking
the first 89 residues on the N- terminus were transfected into
purified wt CD4 T-cells. The transfected cells were seeded
onto ICAM-1 coated chamberslides. A TIRF microscope was
used to visualize the LPL-GFP localization within the contact
surface.
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(b)

(c)

Figure 3.6. Phosphorylation of LPL Thr89 is required for
proper lamellipodial localization and organization (A,B)Wt
LPL or phosphorylation-resistant T89A LPL were transfected
into purified LPL−/− CD4 T-cells. Cells were allowed to migrated on ICAM-1 coated surface before fixation and stained
with rhodamine-phalloidin. A spinning-disk confocal microscope was used to capture photos of both transfection. Blinded
scoring of LPL lamellipodia localization and lamellipodia formation were scored (B). (C)Purified Mst1h/h CD4 T-cellswere
fixed and stained with rhodamine-phalloidin to visualize Factin structures.
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(a)

(b)

(c)

Figure 3.7. Phosphorylation of LPL Thr89 is required for
proper lamellipodial localization and organization (A,B)Wt
LPL or phosphorylation-resistant T89A LPL were transfected
into purified LPL−/− CD4 T-cells. Cells were allowed to migrated on ICAM-1 coated surface before fixation and stained
with rhodamine-phalloidin. A spinning-disk confocal microscope was used to capture photos of both transfection. Blinded
scoring of LPL lamellipodia localization and lamellipodia formation were scored (B).
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(a)

(b)

Figure 3.8. Phosphorylation of LPL Thr89 is required for
proper lamellipodial localization and organization (A,B)Wt
LPL or phosphorylation-resistant T89A LPL were transfected
into purified LPL−/− CD4 T-cells. Cells were allowed to migrated on ICAM-1 coated surface before fixation and stained
with rhodamine-phalloidin. A spinning-disk confocal microscope was used to capture photos of both transfection. Blinded
scoring of LPL lamellipodia localization and lamellipodia formation were scored (B).
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4. Summary and Future Directions
4.1

Summary of Thesis

Using ENU-induced mutagenesis, a mouse harboring a single nucleotide
mutation in the Mst1 gene was identified by flow-cytometry in a screen for
peripheral immune system defects. This mouse model led us to investigate the
function of Mst1 kinase in T-cell migration. Prior publications had indicated
a polarization defect and an integrin-clustering defect in T-cells lacking Mst1
in response to chemokine-induced inside-out signaling. However, no study
has yet uncovered the molecular mechanisms underlying the Mst1-dependent
polarization and integrin-clustering pathway. We set out to search for the
missing molecular links between Mst1 and the physical process of polarization and integrin clustering. Since Mst1 is a kinase, we decided to pursue
its potential phosphorylation substrates and ask whether any substrate can
connect the pathway. With this in mind, we used different methods to search
for potential substrates, including comparative phospho-proteomics done on
wildtype and Mst1-deficient T cells, and evaluation of gene knockout mouse
models that phenocopied the Mst1 mutant model. With these approaches, we
identified a group of potential candidates in cytoskeleton regulation. Among
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them, we chose the actin-bundling protein L-plastin as a potential target, because L-plastin knockout mice exhibited a similar thymic egress block as Mst1
mutant mice, and the protein is known to control integrin activation and leukocyte polarization. Using in vitro kinase assay with purified recombinant Mst1
and L-plastin proteins, we identified threonine 89 on L-plastin to be an Mst1
phosphorylation site. We also validated physiological interactions between the
two proteins intracellularly with luciferase complementation assays. We then
confirmed the physiological relevance of Mst1-L-plastin regulation pathway by
generating bone marrow chimeras with L-plastin knockout hematopoietic stem
cells reconstituted with either wt or phosphorylation-resistant T89A L-plastin,
and found that only the wt chimeras had normal thymic egress. Having determined in vivo that the phosphorylation site is biologically indispensable, we
next found that at the single cell level that phosphorylation was important for
proper lamellipodia localization and formation. We also found that wt but not
T89A LPL enhanced T-cell adhesion to integrin ligands, suggesting a function
in activating integrins. These results suggested two important cell-biological
functions for Mst1 regulation of L-plastin: bundling actin in order to properly
organize lamellipodia, and directly or indirectly activating integrin.
While we were studying the functions of L-plastin, a lingering question
always remained with us: what is the molecular link between Mst1 and cell
polarization? Having observed the different morphologies of wt and Mst1 mutant cells, we determined that the mutant cells had a ”flappy” morphology and
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usually occupied more space on coverslips than wt cells, signaling a decreased
intracellular tension, reminiscent of myosin-inhibited cells. We then carefully
compared the mutant cells with wt cells treated with blebbistatin, a highly
specific inhibitor for myosin contractility. They both had increased percentages of non-polarized cells. When they did polarize, they were more likely
to be multipolar, characterized by more than one lamellipodia. Additionally,
we found that neither Mst1-deficient cells nor blebbistatin-treated cells were
able to distribute low affinity LFA-1 integrin properly. Based on these extensive similarities, we then asked whether Mst1 could directly regulate and
activate myosin. Because MRLC2 represents the best studied mechanism of
myosin regulation, we examined whether its protein sequence had site(s) for
Mst1 phosphorylation with an online library and its scoring tool. Subsequently
with purified recombinant Mst1 kinase and MRLC2, we carried out in vitro
kinase assay and identified MRLC T10 and T11 as sites for Mst1 phosphorylation. Similar to LPL, we also validated intracellular interaction with luciferase
complementation assays.

4.2

Future Directions

At the current stage, there are still many unanswered questions. For instance, where in the cell does Mst1 phosphorylate L-plastin, at the front edge
or at the mid-body? The front edge is where L-plastin bundles F-actin and
facilitate the formation of lamellipodium, whereas the mid-body is where high
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affinity integrins are situated. Therefore, Mst1 can phosphorylate L-plastin
at d location and let it carry out its function. On the other hand, these two
functions can be a continual process such that extension and contraction of
lamellipodium at the front leads to the activation of integrin and strengthening of firm adhesion at the mid-body. Another question is whether L-plastin
directly or indirectly activates integrin. There was one study [137] showing
that L-plastin could directly bind to integrin β chain. We have, however, not
been able to repeat the experiment in the absence of cross-linking reagents.
Other experiments, such as luciferase complementation assay or Forster resonance energy transfer assay (FRET) between integrin chains and L-plastin can
be carried out in live cells to answer the question more accurately. We also
would like to use electron-microscopy to observe the ultra-structures of the
abnormal actin in lamellipodium with T89A L-plastin and gauge the physical
processes behind the phosphorylation site. As for the regulation of myosin
activity by Mst1, we would like to see what physiological role phosphorylation
of T10/11 by Mst1 plays in promoting myosin activity, and whether phosphomimic T10/11E can rescue polarization defect in Mst1 mutant cells. Overall,
both L-plastin and MRLC2 fit the described phenotypes of Mst1 mutant cells
very well, and we would like to figure out the underlying biophysics of their
actions.
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André-Schmutz, Annick Lim, Patrick Nitschke, Frédéric Rieux-Laucat,
Patrick Lutz, Capucine Picard, Nizar Mahlaoui, Alain Fischer, and
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